Background & aims: Oxidative stress has been suggested to play an important role in the pathophysiology of depression, and a diet high in antioxidants may improve mood. However, studies addressing this issue are scarce. The aim of this cohort study was to investigate the prospective association between dietary non-enzymatic antioxidant capacity (NEAC) in overall diet and depressive symptoms in Japanese employees. Additionally, we examined the association separated by dietary NEAC sources. Method: Participants were 911 workers without depressive symptoms at baseline and participated in 3-y follow-up survey. Dietary NEAC was determined from a database of NEAC measurements obtained by ferric reducing antioxidant power (FRAP) and oxygen radical absorbance capacity (ORAC). Dietary NEAC was calculated by multiplying the estimated NEAC values with the consumed amount and summing up those values. Depressive symptoms were assessed using the Center for Epidemiologic Studies Depression Scale. Logistic regression was used to estimate odds ratios of depressive symptoms according to overall NEAC and separately from foods and beverages. Results: At 3-y follow-up, 153 (16.8%) workers were newly identified as having depressive symptom. No significant associations were found between higher level of overall dietary NEAC and decreased risk of depressive symptoms after adjustment for potential confounders (overall: FRAP, P for trend ¼ 0.19 and ORAC, P for trend ¼ 0.20). Likewise, neither higher dietary NEAC from foods nor beverages were related with lower depressive symptoms. Conclusion: Our findings did not support an inverse association between dietary NEAC and the risk of depressive symptoms in Japanese workers.
Introduction
Depression is a common mental health problem that leads to reduced productivity and quality of life and increased mortality, placing great burden on society [1] . Oxidative stress, arising due to an imbalance between oxidant and antioxidant systems, has been implicated in the pathogenesis of psychiatric disorders because the brain is sensitive to oxidative stress due to its high oxygen utilization and modest antioxidant defense mechanisms [2] . Accumulating evidence suggests that depression is accompanied by increases in reactive oxygen species and a significant decrease in antioxidant status [3] . Thus, antidepressant activity may be mediated by reducing the levels of oxidative stress and increasing antioxidants [4] . In addition, antioxidants have favorable effects on inflammation [5] , which is thought to be involved in the pathophysiology of depression [6] . Additionally, antioxidants can protect against mitochondrial damage, which has been suggested to be involved in psychiatric disorders [7, 8] . From a prevention perspective, these findings indicate the need to investigate the relationship between dietary factors with antioxidant properties and depressive status.
Several [9e14] but not all [15, 16] studies have reported that a higher dietary intake of antioxidant nutrients (e.g., carotene, vitamin C, and vitamin E) or antioxidant-rich foods/beverages (e.g., fruits, vegetables, and green tea) is associated with decreased depressive symptoms or mental ill-health. Given that single antioxidants may not reflect the total antioxidant power of dietary components, the concept of dietary non-enzymatic antioxidant capacity (NEAC) [17] has been proposed to assess the nonenzymatic antioxidant network, which considers the synergistic interactions of the redox molecules present in complex matrixes such as food extracts, biological fluids or tissues [18] .
To date, there has been a paucity of epidemiological evidence for an association between dietary NEAC and depressive symptoms, and current findings have been inconsistent. A small caseecontrol study of Iranian university students (30 depressed cases and 30 healthy controls) showed no significant differences in dietary NEAC as measured by two assays (ferric reducing antioxidant power [FRAP] and trolox equivalent antioxidant capacity) between depressed and non-depressed male students [19] . A cross-sectional study of 3297 Iranian adults, however, found an inverse association between dietary NEAC assessed by FRAP and depression and anxiety [20] a recent cross-sectional study in 175 Iranian postmenopausal women found an inverse association of dietary NEAC based on the oxygen radical absorbance capacity (ORAC) assay with depression and anxiety score [21] . In agreement with these studies [20, 21] , a small cross-sectional study of 41 Brazilian climacteric women showed depressed individuals had a lower level of dietary NEAC compared with non-depressed group, despite the result did not reach statistical significance [22] .
These studies [19e22], however, did not adjust for potentially important confounders including dietary intake of mood-related nutrients, such as folate, vitamin B6, vitamin B12, magnesium, and zinc [23e27]. To our knowledge, no prospective study has investigated the association of dietary NEAC with subsequent development of depressive symptoms. In addition, a meta-analysis of dietary intervention studies suggests that the effect of plantbased foods on plasma NEAC is more prominent than that of beverages in healthy subjects [28] . These differences in the bioavailability of antioxidants may cause the difference in the association of depressive symptoms with dietary NEAC from foods and beverages. Yet no study has examined the association of depressive symptoms with sources of dietary NEAC (foods and beverages).
The objective of this cohort study was to investigate the prospective association between dietary non-enzymatic antioxidant capacity (NEAC) from total diet at baseline and new onset of depressive symptoms at 3-y later follow-up survey in Japanese workers. Additionally, we examined the association separated by dietary NEAC sources (foods and beverages).
Subjects and methods

Study procedure and participants
As part of the Japan Epidemiology Collaboration on Occupational Health Study, the Furukawa Nutrition and Health Study, a nutritional epidemiological survey, was conducted at periodic health examinations among workers from two factories of a manufacturing company and its affiliated companies in Chiba and Kanagawa Prefectures, Japan. This prospective cohort study is designed to investigate the association between diet and physical and mental health. Details of the study procedure have been described elsewhere [23] . The baseline survey was conducted in April 2012 (workplace in Chiba Prefecture) or May 2013 (workplace in Kanagawa Prefecture). The follow-up survey was conducted 3-y later (in April 2015 and May 2016). Prior to the health check-up, all employees (n ¼ 2828) in these companies were invited to take part in the survey, which comprised completing two survey-specific questionnaires (one for diet and one for overall health-related lifestyle). Each type of questionnaires takes about 15e20 min to complete. We also obtained health examination data, including the results of anthropometric and biochemical measurements and information on disease history. The same questionnaires were conducted three years later as follow-up. In each survey, participants were asked to fill out questionnaires beforehand. The survey questionnaires were checked by research staff for completeness and, if necessary, clarified by asking the participants during the health examination. Written informed consent was obtained from each participant at both the baseline and 3-y follow-up surveys.
Of 2828 health check-up attendees at baseline, 2162 agreed to participate (response rate ¼ 76%). Of these, 2151 participants completed the questionnaires assessing diet and health-related lifestyle at the baseline survey. We initially excluded 610 participants with depressive symptoms (CES-D 16) and 58 participants with a history of cancer, cardiovascular diseases, chronic hepatitis, kidney diseases including nephritis, pancreatitis, and mental disorders including depression and neurotic disorder. Some participants had two or more conditions for exclusion. We excluded these participants because such diseases may affect dietary habits or depressive symptoms and may be factors for reverse causality. Of the remaining 1483 participants, we excluded 44 with missing data on exposure and covariates at the baseline survey. To avoid bias parameter estimation, we further excluded 10 participants with total energy intake outliners (greater than mean ± 3 standard deviations) at the baseline survey.
Of the remaining 1429 participants, 914 (64%) responded to the 3-y follow-up survey. Finally, we excluded 3 participants with missing data for the Center for Epidemiological Studies Depression Scale (CES-D) score [29] at the follow-up survey, leaving 911 participants (812 men and 99 women aged 19e68 years) for analysis ( Fig. 1 ).
Dietary intake
Dietary habits during the preceding one-month period were assessed using a previously validated brief self-administered diet history questionnaire (BDHQ) [30] . The BDHQ consists of five sections: 1) intake frequency of 46 food and non-alcoholic beverage items; 2) daily intake of rice and miso soup; 3) frequency of alcohol intake and volume consumed for five alcoholic beverages per typical drinking occasion; 4) usual cooking method; and 5) general dietary behavior. Dietary intake for energy and selected nutrients were calculated using an ad hoc computer algorithm for the BDHQ [31] , with reference to the Standard Tables of Food Composition in Japan [32] . According to a validation study of the BDHQ that used 16-day semi-weight dietary records as the gold standard, the median Spearman's correlation coefficient (range) for 58 food and beverage items is 0.44 (0.14e0.82) in women and 0.48 (0.22e0.83) in men [31] .
Estimation of dietary NEAC
Kobayashi et al. developed a method for estimating dietary NEAC in Japanese populations based on their BDHQ responses [33] . Using the same method, we assigned an NEAC value to each food item in the BDHQ using two assays: FRAP, which measures the ability of an antioxidant to reduce Fe 3þ (ferric ion) to Fe 2þ (ferrous iron) [34] ; and ORAC, which measures the chain-breaking antioxidant capacity to scavenge peroxyl radicals [35] . A higher dietary NEAC value indicates higher dietary non-enzymatic antioxidant capacity. Among the 58 food items in the BDHQ, 22 items were determined to contain no NEAC because they contained little to no antioxidant nutrients. The remaining 36 food items were assigned an analytical antioxidant capacity value. When the analytical NEAC value for a specific food could not be obtained, the value for similar foods or a different form of the same food was assigned. For processed foods, NEAC values were calculated using the values for the ingredient foods and the proportion of the total food component based on the Standard Tables of Food Composition in Japan [32] . Dietary NEAC using each type of assay was calculated by multiplying the NEAC value of each food/beverage by each participant's reported frequency of consumption, and summing these values. Maillard products, produced during the process of coffee roasting between reducing sugars and amino acids, are a major contributor to the in vitro antioxidant capacity of coffee [36] . Due to their high molecular weight, however, their bioavailability remains unclear [37] . We thus decided not to include coffee in the calculation of NEAC, according to previous literature [38e42].
Depressive symptoms
Depressive symptoms were assessed using the Japanese version [29] of the Center for Epidemiologic Studies Depression (CES-D) scale [43] . This scale consists of 20 items covering the symptoms of depression, including depressed mood, guilt or worthlessness, helplessness or hopelessness, psychomotor retardation, loss of appetite, and sleep disturbance experienced during the preceding week. Each item is scored on a scale of 0e3 according to the frequency of the symptom, and summed to obtain the total CES-D score, which ranges from 0 to 60. The criterion validity of the CES-D scale has been well established in both Western [43] and Japanese [29] subjects. Participants with a CES-D score 16 were regarded as having depressive symptoms.
Other variables
Marital status, job grade, night and rotating shift work, overtime work, smoking, alcohol consumption, sleep duration, physical activity during work and housework or on commuting to work, leisure-time physical activity, and supplement use were assessed via the survey questionnaire. Physical activity during work and housework or on commuting and leisure time were represented as the sum of metabolic equivalent (MET) multiplied by the duration (in hours) across physical activities at different levels. Psychological work environment was assessed using the Job Content Questionnaire [44] , and the job strain score was calculated based on a standard procedure (i.e., the ratio of psychological demand to job control). Body height and weight were measured to the nearest 0.1 cm and 0.1 kg, respectively, using a standardized procedure with participants wearing light clothes and no shoes. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters (kg/m 2 ).
Statistical analysis
Dietary NEAC was adjusted for energy using the density method. Participants were classified into tertiles of dietary NEAC. Data were expressed as mean (standard deviation) and percentages for continuous variables and categorical variables, respectively. Trend associations across tertile categories of each indicator of NEAC were assessed using the ManteleHaenszel c 2 test for categorical variables and linear regression analysis for continuous variables. The percentage contribution of each food and beverage item to dietary NEAC was calculated by dividing the NEAC from each food and beverage item by the individual dietary NEAC (i.e., NEAC food or beverage item*100/overall dietary NEAC).
The association of dietary NEAC with subsequent risk of depressive symptoms was evaluated using multiple logistic regression analysis. We calculated the odds ratios (ORs) and 95% confidence intervals (CIs) of depressive symptoms for each tertile of dietary NEAC, using the lowest tertile as a reference. We adjusted for age, sex, and site in the first model. The second model was further adjusted for marital status, job grade; night or rotating shift work, overtime work, job strain, physical activity at work and housework or while commuting to work, leisure-time physical activity, smoking; alcohol consumption, BMI, total energy intake, antioxidant supplement use, intake of folate, vitamin B6, vitamin B12, n-3 polyunsaturated fatty acids, magnesium, and zinc, and CES-D score (details of covariates were shown in Supplemental Table 1 ). The nutritional factors we adjusted for have been linked to depressive symptoms [23e27,45] . In addition to the covariates in model 2, we further adjusted for log-transformed serum ferritin (ng/ml) (n ¼ 828) in model 3 because iron is a strong pro-oxidant and can thus cause damage by producing reactive oxygen species [46] . Trend associations were tested by assigning ordinal numbers (1e3) to tertile categories of intake of NEAC. We repeated the above analyses for each dietary source of NEAC (food or beverage).
We performed sensitivity analysis by excluding participants with a history of diabetes (n ¼ 20), which has been linked to depression [47] . Misclassification of dietary exposure increases as a result of dietary changes over time [48] . Thus, we also assessed consistent dietary NEAC levels from baseline to follow-up by categorizing dietary NEAC into three groups (i.e., consistently highest, middle, and lowest tertiles) according to the tertiles of NEAC values at each survey. Two-sided P-values of less than 0.05 were considered statistically significant. All analyses were performed using Stata version 14.2 (StataCorp, College Station, TX, USA).
Results
The characteristics of study participants according to tertiles of dietary NEAC intake are shown in Table 1 . Participants with higher dietary NEAC intake assessed using two different assays were older and more likely to be women, and were less likely to be engaged in night or rotating shift work and physical activity at work, to be current smokers, alcohol drinkers, or to have high total energy consumption. In addition, mean dietary intake of folate, vitamin B6, vitamin B12, n-3 polyunsaturated fatty acids, magnesium, and zinc increased with increasing dietary NEAC.
As shown in Supplemental Table 2 , the percentage contribution of food and beverage groups to overall dietary NEAC was 34.0% (FRAP) and 46.8% (ORAC), and 66.0% (FRAP) and 53.2% (ORAC), respectively. The main items that contributed to dietary NEAC in this population were green tea (FRAP: 37.9% and ORAC: 34.8%), vegetables (FRAP: 17.6% and ORAC: 21.0%), and black and oolong tea including other Chinese tea (FRAP: 14.9% and ORAC: 13.7%).
Of the 911 participants without depressive symptoms at baseline, 153 participants (16.8%) were newly identified as having depressive symptoms at the 3-y follow-up survey. As shown in Table 2 , there were no significant associations between higher dietary NEAC and subsequent lower risk of depressive symptoms after adjusting for multiple confounders (model 2). The multivariable-adjusted ORs (95% CI) for the highest compared with the lowest tertile of dietary NEAC by FRAP and ORAC were 1.48 (0.82e2.66) and 1.49 (0.81e2.72), respectively (P for trend ¼ 0.19 and 0.20). The results were virtually unchanged after additional adjustment for serum ferritin concentrations (model 3). The exclusion of individuals with diabetes did not materially change the estimates (overall: FRAP, P for trend ¼ 0.43 and ORAC, P for trend ¼ 0.54).
The associations between NEAC by dietary source (i.e., food and beverage) and subsequent development of depressive symptoms are presented in Tables 3 and 4 . Neither higher NEAC from foods nor beverages were associated with lower risk of depressive symptoms in the fully-adjusted model (model 3). The findings were robust according to sensitivity analyses conducted using repeated assessment of dietary NEAC status (data not shown in table). The multivariable-adjusted ORs (95% CI) for the consistently highest tertile compared with the consistently lowest tertile of dietary NEAC by FRAP and ORAC were 1.04 (0.46e2.38) and 0.95 (0.41e2.18), respectively (model 3).
Discussion
In this prospective study, we found that higher dietary NEAC was not associated with a lower risk of depressive symptoms in a working population after controlling for a wide range of dietary and lifestyle factors. In analyses by dietary NEAC source, neither higher dietary NEAC from foods nor beverages were associated with a reduced risk of depressive symptoms. To our knowledge, the present study is the first prospective study to investigate the association between dietary NEAC and depressive symptoms.
Contrary to our expectation, results of this prospective study did not support an inverse association between dietary NEAC and depressive symptoms. Until now, there has been no prospective evidence on this relationship. Our findings agree with those of a caseecontrol study of male university students in Iran [19] , which found no association, but contradict with the results of crosssectional studies; two Iranian cross-sectional studies among middle-aged adults [20] and postmenopausal women [21] observed a statistically significant inverse association and another small cross-sectional study of Brazilian women [22] found depressed group had a lower dietary NEAC levels (albeit statistically nonsignificant) compared with non-depressed group. However, the cross-sectional studies are subject to reverse causality. This is of particular concern when analyzing the relationship between dietary factors and depressive status because a person with depressive symptoms may have decreased consumption of dietary Table 1 Characteristics of participants by tertiles of energy-adjusted dietary NEAC assessed by using two different assays. foods that contribute to dietary NEAC such as vegetables and fruits due to a disrupted appetite and/or poor quality diet. The current prospective study, in which information on dietary factors and other covariates were collected before the outcome assessment, is expected to provide more reliable evidence regarding the association of dietary NEAC with depressive symptoms.
Research has suggested potential differences in the bioavailability of antioxidants obtained from foods compared to beverages.
As observed in the current study and other studies, beverages such as green tea are the main contributors to dietary NEAC [33, 38] . However, the antioxidant effect of polyphenols (e.g., catechins), which are mainly available from beverages, may be relatively low given that polyphenols are found at lower concentrations in the blood compared to other antioxidants (e.g., ascorbic acid) as a result of extensive metabolism following ingestion [49, 50] . In fact, a meta-analysis of dietary intervention studies on plasma NEAC revealed that antioxidant-rich foods enhance plasma NEAC, whereas beverages do not increase plasma NEAC in healthy subjects [28] . In the present study, however, neither higher dietary NEAC from foods nor beverages were related with decreased risk of depressive symptoms, suggesting no specific effects of antioxidants from either of these dietary sources. , sleep duration (<6, 6e6.9, or 7 h/day), body mass index (kg/m 2 , continuous), total energy intake (kcal/day, continuous), antioxidant supplement use (yes or no), and intake of folate (mg/1000 kcal, continuous), vitamin B6 (mg/ 1000 kcal, continuous), vitamin B12 (mg/1000 kcal, continuous), n-3 polyunsaturated fatty acids (% energy, continuous), magnesium (mg/1000 kcal, continuous), zinc (mg/ 1000 kcal, continuous), and CES-D score (continuous). d Model 2 þ log-transformed serum ferritin (ng/ml, continuous) were further adjusted for (n ¼ 828).
The strengths of this study are its prospective design, the use of validated methodologies to assess nutrient intake (i.e., the BDHQ) and depressive symptoms (i.e., CES-D score), and consideration of various dietary and lifestyle factors. In addition, because this study was conducted in a company at the time of a mandatory health examination and had high participation rate, the possibility of bias linked to selective study participation is low. However, the study also had several limitations. First, the large loss to follow-up (36% did not participate in the follow-up questionnaire) may have introduced selection bias. However, we confirmed that the baseline characteristics of subjects who did and did not participate in the follow-up were generally similar, including dietary NEAC values and CES-D score. Second, dietary NEAC in our study was calculated based on databases in Japan as well as other countries due to the lack of available information on NEAC values for some Japanese food and beverage items. Third, dietary NEAC values assessed at baseline may not accurately represent participants' long-term habitual dietary status. However, we confirmed that there was no measurable association between dietary NEAC and depressive symptoms using repeated assessments of dietary NEAC during the follow-up period. Fourth, we assessed depressive symptoms using a validated questionnaire (i.e., the CES-D scale), but not structured diagnostic interviews. The results may have differed if the outcome was clinically diagnosed depression. Fifth, despite the adjustment for various potential confounders, we cannot rule out bias due to unmeasured confounders and residual confounding. Finally, because the study participants were employees of a Japanese manufacturing company, caution is required when generalizing the present findings.
In conclusion, our findings do not support the hypothesis that a higher dietary NEAC is associated with a lower risk of depressive symptoms in Japanese workers. Further prospective studies among populations with different ethnicity, gender, age, and physiological and psychological conditions are warranted to assess these associations.
